Patients with well-managed rare chronic diseases such as hemophilia maintain a stable health state and health-related quality of life (HrQoL) that may be affected by acute events. Longitudinal HrQoL assessments analyzed using multivariate multilevel (MVML) modelling can determine the impact of such events on individuals (within-person effect) and identify factors influencing within-population differences (between-person effect). OBJECTIVES: To demonstrate the application of MVML modelling in a longitudinal study of HrQoL in hemophilia A. METHODS/DESIGN/PARTICIPANTS: Using data on 136 adults and 125 children from a two-year observational cohort study of burden of illness in US hemophilia A patients, MVML modelling determined the effect of time-invariant (sociodemographic and clinical characteristics) and time-varying factors (bleeding frequency, emergency room visits, and missed work/school days) on within-person and between-person HrQoL changes. HrQoL was assessed using the SF-12 health survey (adults) and PedsQL inventory (children) at baseline, then every 6 months. RESULTS: In children, within-person (p<0.0001) and between-person (p<0.0001) psychosocial functioning was reduced by each additional bleed and missed day (within-person: p=0.0089; between-person: p=0.0060). Within-person physical functioning was reduced by each additional bleed (p<0.0001), emergency room (ER) visit (p=0.0284), and missed day (p= 0.0473). Between-persons, additional missed days (p<0.0001) significantly decreased physical functioning. In adults, each additional missed day reduced SF-12 Health Survey mental (p=0.0025) and physical (p=0.0093) component summary scores. Each additional bleed also decreased physical component summary (PCS) significantly (p=0.0093). CONCLUSIONS: This study demonstrated the applicability of MVML modelling in identifying time-invariant and time-varying factors influencing HrQoL in a rare chronic disease population. Small but significant within-person and between-person changes in HrQoL with each additional acute event experienced were identified, which if frequent, could have a large cumulative impact. The results suggest that MVML modelling may be applied to future studies of longitudinal change in HrQoL in other rare chronic disease populations.
INTRODUCTION
In stable chronic disease, well-managed patients typically maintain a relatively constant health state over a period of time, as measured by disease-specific clinical indicators. Patient-reported outcomes (PROs) such as health-related quality of life (HrQoL) are also expected to remain relatively stable. Thus, observing the same patient at two discrete time points might lead to conclusions that there were no significant changes in clinical outcomes or PROs over time.
Although an individual patient's clinical condition is not expected to deviate significantly over time from a chronic baseline, fluctuations are expected in response to acute clinical exacerbations or external changes. Those in turn lead to within-person deviations in HrQoL from the chronic baseline. While it is important to be able to identify withinperson fluctuations in HrQoL, they do not necessarily generalize to any between-person differences among individuals with the same disease.
To identify such within-person and between-person effects of factors influencing HrQoL, repeated measurements of the same patients must be made across a period of time. Even if a significant pattern of growth or decline over time is not demonstrated, longitudinal data allow for the disaggregation of within-person and between-person effects. Analytical methods like multivariable multilevel modelling (MVML) can be employed to disaggregate these effects, helping researchers and healthcare providers understand the factors mediating HrQoL, allowing the latter to better manage patient care both at the levels of the individual patient and the disease population.
To illustrate the partitioning of between-person and within-person effects of clinical measures or symptom manifestations on HrQoL over time, we consider a sample of persons with hemophilia A, a rare chronic sex-linked disease primarily affecting males, characterized by a deficiency in clotting factor VIII that results in the inability of the blood to clot normally. Although patients are typically asymptomatic and are able to lead active and productive lives, 1 they may experience acute bleeding episodes either spontaneously or in the rare event of trauma. Repeated bleeding into the joints may eventually lead to debilitating chronic hemophilic arthropathy. 2 To prevent this, persons with hemophilia A are treated with factor replacement therapy, either as regular prophylactic infusions of clotting factor concentrates or on-demand during acute bleeding episodes. We expect that hemophilia A patients will have stable HrQoL, except for when there is transient worsening during acute symptom exacerbations.
Several studies have previously captured longitudinal HrQoL data in persons with bleeding disorders, including hemophilia A. However, none has attempted to describe the effects of changes in the frequency of symptoms or clinical status on HrQoL.
3-5 Over 18 months, Gringeri et al. 3 found that HrQoL remained stable in a group of 41 hemophilia A and B patients with inhibitors when measured at 6-month intervals; they therefore reported only baseline HrQoL results. Similarly, over a 5-year period with annual follow-up, Lindvall et al. 4 found no statistically significant changes in HrQoL among a group of ten patients with severe hemophilia. Solovieva 5 observed a statistically significant improvement in physical functioning in mild and moderate hemophilia patients and a statistically significant reduction in vitality in severe hemophilia patients on the SF-36 scale over 3 years. However, that study gathered data at only two time points (year zero and 3 years later), and was not designed to capture possible fluctuations in HrQoL between those two points.
In rare diseases such as hemophilia, where study sample sizes are typically small (as demonstrated above), the use of longitudinal data increases the number of observations available for analysis, allowing for trends or influencing factors on the outcome of interest to be identified. Using data from the Hemophilia Utilization Group Study Part Va (HUGS Va), the objective of the current analysis was to demonstrate the application of multivariate multilevel modelling (MVML) in a population with a rare disease such as hemophilia, among whom HrQoL is hypothesized to vary over time between persons, as well as to fluctuate within persons.
METHODS

Data
The Hemophilia Utilization Group Study Part Va (HUGS Va) was a two-year multicenter observational cohort study conducted among hemophilia A patients from six hemophilia treatment centers (HTCs) in geographically diverse regions of the US. Details of the study methods and inclusion criteria have previously been reported. 6 , 7 Informed consent and data were collected at initial interview from participant/parent selfor proxy-report and patient chart reviews completed by healthcare providers. Information regarding clinical aspects of the disease, such as treatment regimen, arthropathy and comorbidities, as well as HrQoL and the economic consequences of having hemophilia A, were collected. Periodic participant follow-up surveys collected data on time lost from work, school, or usual activities, disability days, healthcare utilization and clinical outcomes, including bleeding episodes, joint pain, and motion limitation. Follow-up interviews were administered monthly in the first year and semi-annually in the second year. HrQoL was measured at baseline and every 6 months during the 2-year follow-up. Baseline HrQoL and its association with joint pain and motion limitation in the HUGS Va population has previously been reported. 7 The current analysis includes data from 261 participants (136 adults and 125 children) who completed their initial interview and at least one follow-up, out of a total of 329 participants (164 adults and 165 children) with factor VIII deficiency who were recruited into the HUGS Va study between July 2005 and July 2007.
The University of Southern California (USC) served as the data and coordinating center. The study protocol was approved by the Institutional Review Board of USC (IRB number: HS-046012) and that of each participating HTC.
HrQoL Instruments
Adult general health was assessed using the SF-12 Health Survey Version 1, which has been used in previous hemophilia studies. [6] [7] [8] [9] [10] The physical component summary (PCS) and mental component summary (MCS) scores were used in this analysis. 11 HrQoL of participants aged 2-17 years was assessed by parent-proxy using the PedsQL™ 4.0 generic core scales, 12 a HrQoL instrument developed in the US for children and adolescents. The PedsQL has been shown to be valid and reliable for both self and parent-proxy administration, and is also sensitive to differences between disease types and between severity groups within the same disease. [12] [13] [14] In this analysis, the physical and psychosocial health summary scores of the PedsQL were used.
Generic HrQoL instruments were used instead of a hemophilia-specific tool to allow for comparison with other disease populations. Additionally, generic instruments were used, because hemophilia-specific HrQoL instruments validated for use in the US population were not available at the time of study initiation.
Analysis
HrQoL was measured at 0, 6, 12, 18, and 24 months. Baseline (0 month) and measurements obtained within a 6-month window (3 months pre and post) of each follow-up time point were included for analysis. The outcomes of interest for adults were the SF-12 PCS and MCS. For children, the outcomes of interest were the two summary scores of physical health and psychosocial health from the PedsQL.
To disaggregate within-person and between-person effects of patient characteristics and outcomes on HrQoL, both time-varying and time-invariant covariates need to be considered. Time-varying covariates were the frequency of bleeding episodes, emergency room visits, and missed days of work or school due to hemophilia. For each event, the total number of occurrences between each follow-up period (as determined by the time between each HrQoL measurement) were summed and attributed to that period. Timeinvariant covariates were hemophilia severity, treatment type, patient or parent employment status, and health insurance coverage.
Multivariate multilevel (MVML) modelling was performed using SAS 9.3 (SAS Institute Inc., Cary, NC, USA) to characterize longitudinal within-person and between-person variations in HrQoL. Data from longitudinal studies such as HUGS Va have a hierarchical structure, under which measurements at each follow-up time point are nested within individual subjects. Because repeated measurements from the same subjects are involved, the correlation of residuals in the model must be controlled. Multilevel models represent the data in hierarchical levels, controlling residual correlations and eliminating the need to aggregate data or analyze each level separately. At the same time, multilevel models estimate each individual subject's growth trajectory (within-person effects), while also determining how individual growth parameters vary as a function of differences between subjects in background characteristics (between-person effects). 15 , 16 The analysis is conceptualized in two stages. In stage 1, the within-person model is considered, in which the HrQoL of a participant is a function of his HrQoL change over time plus random error. [15] [16] [17] The time-varying covariates for each participant is centered (difference between frequency of event at each time point and the participant's cross-time average) on his cross-time average (mean frequency of event for each participant in each 6-month period), representing the rate of change of HrQoL with every unit increase in the covariate above the individual-mean at each time point. Including the time-varying covariates of interest in this stage of the analysis estimates the within-person effects of these covariates. Because they are constant within each participant, time-invariant covariates do not need to be included in this stage of the analysis. In stage 2, we are interested in the between-person variations of HrQoL as a function of clinical or sociodemographic differences. These would include the time-invariant covariates and the grandmean (mean frequency for the entire study population across two years)-centered cross-time averages of each participant's time-varying covariates. The interaction between hemophilia severity and treatment type was also included in the models, and the effects of interactions between the main effects of interest (described above) on HrQoL were also explored. The reduced equation model combining stages 1 and 2 was fitted using the SAS PROC MIXED command, with repeated measurements for each subject, allowing the means to vary randomly across individuals and assuming random effects of time.
Addressing Missing Data
To account for missing data due to loss of follow-up in both the outcomes of interest (HrQoL scores) and timevarying covariates of interest, multiple imputation was employed using IVEware version 0.2 (Survey Methodology Program, Survey Research Center, Institute for Social Research, University of Michigan). 18 A multivariate imputation procedure was performed sequentially on each covariate of interest, conditioned on the subject's age and race as well as all observed time-varying variables. Imputed continuous variables are assumed to follow a normal distribution, and count variables are assumed to follow a Poisson distribution.
RESULTS
Of the HUGS Va study population, 261 participants (136 adults, 125 children) had baseline and at least one follow-up HrQoL measurement. At baseline, the mean ages of adults and children in the study were 33.1±12.0 years and 9.6± 4.4 years, respectively. The majority of the study population was White/Non-Hispanic (75.0 % adults; 68.0 % children) and had severe hemophilia A (64.7 % adults; 67.2 % children). Across all severities, 42.2 % of patients received prophylactic factor replacement therapy, of which 61.6 % (34 adults and 72 children) had severe hemophilia. Most participants or their parents (for children) had part-time or full-time employment (62.5 % of adult participants; 73.6 % of parents of child participants) and had some form of health insurance (91.9 % adults; 100 % children) ( Table 1) .
Over two years, there were wide variations between each 6-month follow-up period in mean number of bleeding episodes, emergency room (ER) visits, and missed days of work or school due to hemophilia A (Table 2) . Mean MCS and PCS for the entire adult study population at baseline were 50.8±10.2 and 43.0±10.8, respectively, remaining fairly constant throughout follow-up (Fig. 1) . Mean psychosocial and physical functioning scores for the pediatric study population were 83.0±15.7 and 88.0±16.4, respectively, with greater variation in physical functioning scores than psychosocial functioning scores over time (Fig. 2) . Table 3 shows the results of the final MVML models for the adult study population, with separate models constructed for the MCS and PCS. Employment status was found to have a significant influence on MCS (p=0.0160 for fulltime employed vs. unemployed), as did between-person differences in missed work/school days (p=0.0026) and within-person changes in bleeding frequency (p=0.0243) and ER visits (p=0.0350). Only significant interactions between the main effects of interest were included in the final models. MCS was significantly moderated by the interactions of employment status with within-person changes in bleeding episodes (p=0.0069 for part-time vs. unemployed), employment with within-person changes in missed days (p=0.0309 for full-time vs unemployed), insurance status with within-person changes in ER visits (p=0.0160 for no insurance vs. public insurance), and within-person changes in missed days with hemophilia severity (p=0.0161). PCS was significantly influenced by insurance status (p=0.0047 and p=0.0007 for full-time and part-time employed vs. unemployed, respectively), hemophilia treatment type (p=0.0424), both between-person and within-person variations in missed work/school days (between-person: p<0.0001; within-person: p=0.0064), and between-person differences in bleeding frequency (p=0.0093). The interaction of between-person differences in missed days with within-person changes in bleeding episodes (p=0.0223), as well as that of between-person differences in bleeding episodes with within-person changes in ER visits (p=0.0046) significantly influenced PCS. The results suggest that frequent bleeds and missed days may affect the ability of patients to maintain active and productive lifestyles, ultimately affecting HrQoL as well. Table 4 shows the results of the final MVML model for the pediatric study population. Hemophilia severity (p=0.0139), insurance status (p=0.0047), and parental employment status (p=0.0496 for full-time vs. unemployed) had a significant influence on psychosocial functioning. Between-person (p<0.0001) and within-person (p=0.0013) variations in bleeding frequencies and both between-person (p=0.0043) and within-person (p=0.0023) variations in days missed from school/work also had significant impacts on psychosocial functioning. Several interaction terms were also found to moderate psychosocial functioning. These included the interaction of disease severity with treatment type (p= 0.0404), parental employment status with within-person changes in patient missed days (p=0.0035 for full-time vs. unemployed), and between-person differences in bleeding 
DISCUSSION
This study demonstrated the application of a multivariable multilevel (MVML) model to a population with a rare disease, namely hemophilia. Employing MVML modelling allowed for the disaggregation of both between-person and within-person changes in HrQoL. Small but significant changes with each additional acute event (bleeds/ER visits/ missed days) were identified, which individually decreased mental or physical HrQoL by only a small amount. However, frequent events within a particular time period could have a large cumulative impact on patients' HrQoL, yielding clinically important differences in HrQoL, either within-person across time periods or between-persons. Between persons, the MVML model also allowed for the identification of sociodemographic differences between individuals that could affect HrQoL, as well as interactions between sociodemographic characteristics and the frequency of acute events that could moderate HrQoL. Using MVML modelling, our analysis showed the additive effects of sociodemographic differences between patients, frequency of acute events, and their interactions on the HrQoL of individual patients, both relative to others with hemophilia as well as to themselves over time. This analysis was restricted by the small study sample size of 136 adults and 125 children. However, these are typical sample sizes in studies of rare diseases, and to our knowledge HUGS Va is one of the larger studies conducted in a population with hemophilia A. Nevertheless, small sample sizes present difficulties when selecting a suitable method of statistical analysis. Here, the longitudinal study design collected data at five time points, increasing the sample size and power for analysis. By applying MVML modelling, we were able to make full use of the available data, identifying both time-invariant and time-varying factors that influence changes in HrQoL. This demonstrates the applicability of MVML modelling in a hemophilia population and suggests that such methodology may also find application in future studies of longitudinal change in HrQoL in other chronic/rare disease populations that have long periods of stability with occasional acute exacerbations.
An additional limitation of this study is the measurement of HrQoL at fixed time points, not during an acute event. Despite this, significant changes in HrQoL due to acute events were identified that suggest previous underestimation of the true impact of an acute event on HrQoL. Future studies should attempt to measure HrQoL at or as close as possible to the time of acute events, although this may prove to be a challenge.
Understanding how HrQoL is influenced by both sociodemographic and clinical factors over a prolonged period may help researchers and healthcare providers identify the factors mediating HrQoL in patients with stable chronic diseases. This would allow providers to tailor patient education and management strategies, allowing for better care management both at the individual patient and disease-population levels.
